ABSTRACT This paper presents an assistance equipment of human elbow joint, which aims to help patients who have elbow injury issues in smart campus environment. A new type of soft pneumatic elbow pad (SPEP) which adopted soft material manufacturing technology is presented. Compared with the rigid assistant equipment, the SPEP shows more comfort, smaller equipment size, and convenience of wearing. Meanwhile, three different types of sensors (the air pressure sensor, bending sensor, and force sensor) are used in the SPEP to discover the two important characteristics which are applied. In order to verify the effectiveness of the designed SPEP, two analysis methods are presented. The surface electromyogram signal and the root mean square analysis are used in the first method, which prove that the SPEP could reduce the activity of the muscle and assist power during the elbow movement. Compared with the first method, the second method which is the model of calculation after wearing SPEP can obtain specific value of assisting power in the biceps and olecranon. Thus, the aforementioned methods illustrate the feasibility of the SPEP. Finally, in order to make the SPEP used in daily life, a portable backpack with the control system and the energy system is applied to the field of human assistance equipment.
I. INTRODUCTION
With the growth of age and the development of chronic health problems, the difficulties of doing daily work are becoming more and more common. Many problems will be caused such as therapeutic drugs, making use of a cane, cognitive adaptation, leaving school and quitting one's job. People rarely allow disablement to take its course without efforts to retard or stop the process. There are two ways to operate the method: one is to increase one's ability by improving one's physical or mental ability, the other is to reduce demand by reducing the physiological and psychological needs of a task [1] . Assistance equipment is acted directly on the patient and this method solves physical, psychological or social function problems through physical rehabilitation.
In recent years, wearable power equipment has become a hot topic which involves many related techniques including robotics, human engineering, mechanics, control engineering, medicine and rehabilitation. The wider meaning of power assisted system is to add an external source of power to the system, which makes the system add a certain multiplier to the external force. In the past, people paid more attention to the development of military and engineering. However, with the improvement of infrastructure and stable social environment, people put more focus on the improvement of human beings. With the continuous development of science and technology, this technology gradually step towards human itself, smart campus, medical as well as civilian.
Therefore, many scholars have studied many aspects of the assistance equipment, such as for the elbow, forearm, wrist, upper arm, ankle-foot, finger, knee and shoulder. There are many kinds of actuation technologies for elbow assisted, such as motor [2] - [4] , cable [5] - [7] , hydraulic [8] - [11] and pneumatic [12] - [18] . Several equipment which can generate force to assist elbow movement has been put into the market such as SUITS et al. However, the assistance equipment at the current can be divided into two categories: (1) the utility model adopts the mechanism to support the power assisted part by means of supporting type. Most of them are made of rigid materials with low compliance and flexibility such as titanium alloy [19] ; (2) the using of artificial muscle to stretch for power support part by means of stretching type. Most of them have good flexibility, but they occupy a lot of joint movement space. In the last five years, many scholars have been attracted by the advantages of soft robots [20] - [23] . These robots which are made of flexible and extensible material exhibit better safety and adaptability than rigid robots in structured and unstructured environment during the working [22] . Obtaining accurate dynamics is conducive to in-depth research and controller design [24] - [29] , but this problem is not in the research scope of this paper.
According to the literature review, the home-made soft pneumatic elbow pad (For the readability of the paper, we call it SPEP for short in this paper) system is presented in smart campus platform to help students finish their daily life. Therefore, the problem of lightweight structure and flexible processing technologies in rigid mechanism design is no longer considered. In this system, the bending sensor (FLEX45, Spectrasymbol Inc., UT, USA), air pressure sensor (40PC150G2A, Honeywell Inc., NJ, USA) and force sensor (FSR R 406, Interlinkelectronics Inc., CA, USA) are needed to make the SPEP better used. The SPEP will give us another way to design a better and more comfortable assistance equipment. The contents of this paper is organized as follows: Section II introduces the fabrication technology of SPEP. In Section III, the components of SPEP system are simply described. Meanwhile, bending sensors and force sensors of SPEP are used to find main characteristics. The tests results are given to verify the effectiveness of SPEP and the results of those tests are discussed in Section IV. In Section V, the designed portable backpack and the control system of SPEP is designed. Finally, we make a concise conclusion and main contribution of this paper is described in Section VI.
II. FABRICATION OF SOFT PNEUMATIC ELBOW
The SPEP is made up of soft material (Dragon Skin FX-Pro, Smooth-on Inc., PA, USA). The proposed SPEP is a synthesis of soft and stretchable pneumatic actuator though using shape deposition manufacturing approach. The complete set of moulds which include base mould, chamber moulds, segmented blocks and cover mould, as shown in Fig. 1 , are fabricated by a 3D printer (Creator-Pro, Flashforge Inc., Zhejiang, China) with a 1.75 mm diameter polylactic acid filament.
The fabrication procedure of SPEP is straightforward and can be described in Fig. 2 . Briefly, the SPEP fabrication procedure contains: 1) the segmented blocks, the chamber moulds and the base mould are assembled together, as shown in Fig. 2(a) ; 2) the silicone rubber (Part A and Part B) is pre-mixed equal weights in a glass container and a wooden stirrer is used to mix thoroughly for 2 minutes. Then the mixed silicone rubber is placed in vacuum equipment (RH025N, Hokaido Inc., Nanjing, China) for degassing; 3) after degassing, the mixture of silicone rubber is carefully poured into the assembled base mould and cover mould. Furthermore, a fiber cloth and bending sensor are placed onto one surface of cover mold. An air tube (diameter: 6mm) is plugged at one side. Then, they are solidified for 6 hours at room temperature, as shown in Fig. 2(b) and Fig. 2(c) ; 4) when the mixture of silicone rubber is fully solidified, the two most important parts of SPEP are completed.
After the two parts are demoulded, they are integrated together, as shown in Fig. 2(d) . When the complete SPEP is prepared, its bending capacity is checked with compressed air, the test result is shown in Fig. 3 . The structure of SPEP is a long trunk-like with a series of connected internal chambers. It can cause the structure to transform into a cured configuration with the inflation of gas. The structure diagram of SPEP is presented in Fig. 4 . Fig. 4(a) shows the schematic diagram of the SPEP structure at uninflated state. When the SPEP expands, the top surface and side surfaces of each chamber extend, whereas the bottom surface is not extendible due to the constraint of the fabric cloth. So it leads to overall bending and it can be clearly expressed in Fig. 4(b) . 
III. HARDWARE EQUIPMENT
Based on the SPEP shown in Fig. 3 , a stable and reliable system is developed. The schematic diagram of the system is presented in Fig. 5 .
The Arduino Mega 2560 is chosen as the core of the SPEP controller and it is suitable for users with a large number of IO interfaces. Two 2-way solenoid valves (V1B02-BW1, Mead Fluid Dynamics Inc., IL, USA, response time: 10ms) are used. The AD 620 amplifier (Wheatstone bridge) is adopted to adjust the output voltage of bending sensor. Both 2-way solenoid valves and AD 620 amplifier need to be powered by DC power. One air pressure sensor is used to measure the air pressure of SPEP. The force sensor and bending sensor are used to measure the force values and bending values of SPEP when inflated pneumatically. Also, their performance has been tested and verified [30] - [33] . The designed algorithms are executed in Arduino Mega 2560. Through the MATLAB program in the host computer, the sensor data is collected by Arduino Mega 2560, processed and shown in real-time on PC. The communication between the Arduino Mega 2560 and the PC is wired. In the process of acquisition and processing, the low-pass filter is designed in MATLAB. These work has been completed in [32] and this paper focuses on the following research.
A. AIR PRESSURE VS. BENDING
Firstly, the meaning of some symbols is clearly explained to make the readers understand.
The air pressure sensor transmits pressure value p in SPEP to Arduino Mega 2560 as analog voltage and the relationship can be obtained with (1) . Variable b can be acquired from Arduino Mega 2560.
The bending characteristics of SPEP need to be measured. The bending sensor needs a suitable signal amplifying circuit which can output small variation signal in bending process to work effectively and it has a range of about 5 ∼ 10k . The AD 620 chip is adopted in the Wheatstone half bridge circuit. A complete bending sensor signal amplification circuit which is low-cost and easy to be fabricated is presented in Fig.6 . This includes five important components: 1) a 12V lithium battery is energized to provide enough power; 2) a adjusting voltage module (input voltage: 3 ∼ 30V, output voltage: 1.15 ∼ 25V) is adopted to ensure a stable voltage output (+VE/GND: 5V); 3) to obtain the required dual output voltage (±VS/GND: ±12V), a DC/DC converter is used; 4) in the whole circuit, a variable resistor (R 2 : 0 ∼ 20k ) is needed to balance bending sensor resistance and adjust VOLUME 6, 2018 FIGURE 6. The complete signal amplification circuit used for bending sensor.
input voltage for AD620; 5) a constant resistor (R 1 : 10k ) is selected to implement bridge-arm circuit. As the aforementioned, the SPEP can be bent when inflated pneumatically. Further, the explicit relationship between the air pressure values and the bending values needs to be discovered for SPEP use. The flexion and extension motion of SPEP can be described by the variable resistance of the bending sensor, as shown in Fig. 7(a) . In the A-B segment, the resistance of bending sensor and the SPEP body did not show bending obviously when the air pressure in SPEP increased. In the B-C segment, the chambers of SPEP and the body begin to bend with the increase of SPEP internal air pressure. The C-D segment represents the normal using of SPEP. In the process of deflation, the gas in SPEP will not be discharged instantaneously, so the bending value has no obvious decrease in the D-E segment. The chambers with filled gas gradually regain its original shape along with the deflation continues, which is described by E-F segment. Due to the relaxation characteristic of bending sensor, the F-A segment is generated. After deflation, there is a small amount of residual gas in the SPEP. Therefore, the value of the air pressure sensor is not zero. Since the voltage range of the Arduino analog output is 0 ∼ 5V, the initial bending value is set to 2.18V by adjusting signal amplifier circuit. The SPEP is filled with different air pressure values (10kPa, 20kPa, 30kPa, 40kPa, 50kPa, 60kPa and 70kPa). The average values of the five tests under each air pressure are described in Fig. 7(b) . The results showed manifest that the pressure value of 50kPa can bring bending value which is close to the maximum value. Also, the SPEP bending values do not increase with the increasing air pressure values after 50kPa. 
B. AIR PRESSURE VS. FORCE
The force tests after wearing a SPEP is presented to quantify the SPEP performance where the force sensor of FSR R 406 is used to record the contact force between the arm and SPEP, as shown in Fig. 8(a) . The meaning of some symbols in this part is also explained to make the reader understand.
Similar to the bending sensor, the principle of the force sensor is that the change in the external pressure causes a change in the resistance value, and the outward appearance is shown in Fig. 8(a) . A suitable signal amplifying circuit which contains a pull-down resistor (R M : 5.1k ) is also presented in Fig. 8 (b) and 8(c). For pressure and voltage conversion, the force sensor is tied to a measuring resistor in a voltage divider and the output is described by (2) . According to (2) , the resistance value of force sensor (R FSR ) can be obtained in (3) . Previous results show that the output voltage increase with increasing forces and the resistance value of force sensor (R FSR ) is nonlinear with the force value [32] . In order to find out the characteristic curve of the force sensor, the weight group is used to calibrate the force points, as shown in Table I .
A suitable fitting curve is obtained with Matlab (Mathworks, Natick, MA, USA) based on the data, as shown in Fig. 9 . The equation after fitting is presented in (4) . represent coefficients, respectively. When the parameters a, b and c are selected at 6984, −1.148 and −0.231 respectively, the (4) becomes the form of (5) and the average fitting error of eight results is 0.929%.
The force sensor is placed on the surface of one end of the SPEP to obtain the force provided (F SPEP ), as shown in Fig. 10(a) . In order to wear SPEP more easily, the elastic bandage protector is used to fix it tightly on the elbows, as shown in Fig.13 . Meanwhile, this ensures that the pressure sensor has the same initial value. The SPEP is also filled with different air pressure values (10kPa, 20kPa, 30kPa, 40kPa, 50kPa, 60kPa and 70kPa). Five tests are also conducted for different air pressure values. The results presented in Fig. 10(b) manifest that the SPEP force values increased with increasing the air pressure values. The force values of SPEP provided after 50kPa are obviously increased.
However, through a large number of tests, it can be found that when the air pressure is higher than 70kPa, the SPEP has obvious plastic deformation, which is harmful to its structure and seriously affects the service life of SPEP. According to the aforementioned tests, all the following tests of SPEP are performed based on air pressure for 70kPa which the bending value and force value are 3.1V and 9.22N, respectively.
IV. EXPERIMENTAL EVALUATION A. SEMG SIGNAL ANALYSIS
The muscle strength and activation of the human body are different, so the sEMG signals of different people are different at the same time. In order to verify the validity, only one object is selected to carry out several groups of experiments. The two acquisition channels (the biceps brachii and the triceps brachii) are used in the test subject. The effective range of sEMG is below 500Hz and the frequency of hardware acquisition is 1024Hz. The combination of low pass filter and first order median filtering are used in the signal processing engineering.
In this part of the collection, two common states of the elbow joint are tested. One is the elbow flexion and elbow extension, and the other is elbow relaxation. In the elbow flexion and extension state, the test time is 8min, and the test subject is required to complete 8 sets of lifting and lowering. When the elbow is relaxed, the test time is also 8min, and the test object is only required to complete the natural state of the elbow. Each action is tested 5 times with holding a 3kg weight in their hand. After each measurement, the test object rest 30min in order to ensure the effectiveness of the experiment. In the 8 minutes of the test object movement, we intercept the middle 3.5 minutes for analysis, as shown in the following. Muscular effort is estimated from RMS of the sEMG activity of the main muscle involved in performing elbow movements, i.e. the biceps brachii and the of triceps brachii.
From Fig. 11(a) , (c) and (e), it can be concluded the sEMG of biceps brachii without SPEP and with SPEP are not changed. The range of the RMS of sEMG in biceps brachii without SPEP is from 42.08 to 43.75. The range of the RMS of sEMG in biceps brachii with SPEP is from 41.89 to 44.64. There is no obvious change in the RMS values of sEMG. From Fig. 11(b) , (d) and (f), it can be concluded the sEMG of triceps brachii without SPEP and with SPEP are not changed. The range of the RMS of sEMG in triceps brachii without SPEP is from 39.01 to 42.69. The range of the RMS of sEMG in triceps brachii with SPEP is from 39.01 to 42.01. There is also no obvious change in the RMS values of sEMG. It can be seen that wearing SPEP does not change the activity of the muscle during the relaxation process. By consulting the wearers, it shows that wearing SPEP is painless and comfortable.
From Fig. 12(a) , (c) and (e), it can be concluded that the sEMG of biceps brachii are significantly reduced under the elbow flexion and extension by wearing SPEP. The range of the RMS of sEMG in biceps brachii without SPEP is from VOLUME 6, 2018 It can be seen that wearing SPEP can reduce the activity of the muscle under flexion and extension. Meanwhile, according to the conclusion mentioned above, it can be shown that SPEP can also save power for the elbow under flexion and extension.
B. MECHANICAL ANALYSIS
In order to specifically get the effect of SPEP after wearing, the following analysis is carried out. The meaning of some symbols is exhibited in the following. Before doing the following analysis, the forearm length of Chinese adults need to be known. According to human dimensions of Chinese adults (GB-10000-88), the average height of 15-60 year old Chinese men and women data can be got, as shown in Table II .
Meanwhile, the body ideal weight and forearm weight can be obtained by (6) . In the process of elbow flexion, the main force is produced by the biceps brachii and brachial. Due to each person has different arm widths, we assume that the L 1 is 5cm as shown in Fig. 13 .
. In this paper, in order to facilitate calculation, the acceleration of gravity is set at 10N/kg.
When the weight is held in the hand, the counter force of the elbow flexion can be calculated by the simplified free limb. At the beginning, the body is required to hold lighter weights. As the working process continues, hand weight increases as well. The weights of 0.5kg, 1kg, and 2kg are presented to achieve the requirements of the analysis. Due to W which has a certain range, there are also a certain range of F b and F j . In the analysis, subjects are required to bend their elbows at 90 degrees. The balance equation provides that the torque and force acting on the elbow should be zero. The force of the olecranon can be calculated by (7) and (8) . Next, the human body with SPEP is analyzed to verify the SPEP which can reduce the force of olecranon and save the force of muscle, as shown in Fig. 14(a) . When the subjects wear SPEP, they are also required to bend their elbows by 90 degrees. It supports force F SPEP by wearing SPEP and the distance from the center of human olecranon (L SPEP ) are shown in Fig. 14(b) . Then the (7) and (8) should be changed as shown in (9) and (10) . According to the SPEP state of wearing, the value of L SPEP can be measured which is set to 17(cm) in the article. The force value (F SPEP ) is 9.22N.
In the subjects, one male and one female were selected to be as test items. Each subject was calculated 5 times under different hand load conditions. The error bar marked in the figure show the standard deviation of the five results of each test. The average results shown in Fig. 15 that the elbows can be effectively assisted in working process. When male and female wear SPEP, the average forces of the biceps brachii and the brachialis decrease about 31.33N and the average forces of the olecranon decrease about 22.12N. The results of the analysis demonstrate that the SPEP can help people with the olecranon joint and muscle section of the elbow. Maybe, these results can provide a pathway for rehabilitation of patients with elbow joint injuries.
V. PORTABLE DESIGN
In order for SPEP to better help people in the process of assisting, a portable is designed as shown in Fig. 16 .
The hardware and mini gas cylinder are arranged in the leg bag. Under the condition of 70kPa pressure, the mini gas cylinder can finish the 600 times inflating and bleeding VOLUME 6, 2018 Execute motion (a PID controller is used to adjust PWM values) 6: else Maintain motion 7: SPEP releases for SPEP. The SPEP is a soft structure that does not affect the natural movements of the humans' elbows when it is not driven. This is also the advantage compared with the rigid structure. On the other hand, we have designed the security control mode. When the pressure of the air chamber is higher than the safe pressure, the control system which ensures the air pressure of SPEP in a safe range will forcibly close the air inlet and open the air outlet to release the air pressure. At the same time, the air pressure sensor and bending sensor are used again which were used as dual channel switches. Then, the PID controller is designed to regulate the pressure values. The execution of the SPEP can be described as the following Algorithm 1.
VI. CONCLUSION
The main contribution of this paper is that a new-type of soft pneumatic elbow pad which are based on low-cost and easyto-procure has been presented and three simple commercial sensors (bending sensor, air pressure sensor and force sensor) are adopted. The SPEP is fabricated by using shape deposition manufacturing approach with silicone rubber. Then, the air pressure values vs. bending values and force values wearing of SPEP vs. air pressure values are presented. The pressure value of 50 kPa can maximize the bending value. It means that the SPEP bending does not change when the pressure is higher than 50 kPa. However, the SPEP force values increased with increasing the air pressure values. When the SPEP is charged with 70kPa, the SPEP can output the force of 9.22N. The two important relationships are obtained and applied to SPEP. Therefore, in order to verify the effectiveness of designed SPEP, two analysis ways are presented. Through RMS analysis of the sEMG, the first method demonstrated that wearing a SPEP does not change muscle activity when it is not working, and it can reduce muscle activity during the flexion and extension of the elbow. The second approach is to use wearable analysis by calculating the simplified free limb. In the process of analysis, subjects are asked to bend their elbows at 90 degrees. The balance equation provides that the torque and force acting on the elbow should be zero. Through the analysis, we can conclude when male and female wearing SPEP, the forces of the biceps brachii and the branchialis decreased by 31.33N and the forces of the olecranon decreased by 22.12N. Finally, we design a portable wearable backpack for SPEP control system and energy system. Meanwhile, the PID controller is added to the control system. The emergence of SPEP will bring a few ideas for who study in the field of assistance or rehabilitation. The design idea of SPEP is to put actuators, controllers and power sources on the body and providing the wearer with power or rehabilitation. The light assistance equipment or rehabilitation products have not yet appeared on the market. Therefore, this design will walk out the smart campus environment. In the end, SPEP can greatly fill the gap in the market and facilitate for more families. In our future work, we plan to analyze the internal structure changes of SPEP under the inflatable condition. We also plan to establish a reasonable model for SPEP. By modeling and analyzing the cavity structure of SPEP, a better structural optimization design method is found for the field of soft assistance equipment.
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